Abstract. Platinum containing sulfated zirconia (Pt-SZ/Al) catalyst was prepared by precipitation method. Characterization of the prepared catalyst was performed using XRD and SEM, and catalytic activity was studied for isomerization of nC 5 at atmospheric conditions and temperatures of 180-240 C in a ow reactor. The e ects of reaction temperature, H 2 /nC 5 ratio, and WHSV were investigated. As revealed by SEM and XRD, the prepared sulfated zirconia was of nanoscale size and had predominantly tetragonal crystalline phase. n-pentane conversion increased with increasing temperature and selectivity decreased. The optimal reaction temperature was 220 C where n-pentane conversion and isopentane selectivity were 70% and 94%, respectively. The positive e ect of H 2 /nC 5 ratio was observed on nC 5 conversion and iC 5 selectivity in the investigated H 2 /nC 5 ratio range. This trend of variation was related to the role of acid and metallic sites on the reaction pathway. As expected, increase in the WHSV, which reduces contact time between reactant and catalyst, decreased nC 5 conversion and increased selectivity toward iC5. The RON of the product increased with increasing temperature; then, it showed slight decrease at higher temperature. The decrease in the activation energy was observed, which can be attributed to the di erent reaction mechanisms or di erent rate-determining steps.
Introduction
In recent years, owing to environmental regulations on gasoline composition, much attention has been paid to supply of clean gasoline with high RON, low content of ole ns and aromatics such as benzene, and low concentration of sulfur [1] [2] [3] [4] . In this sense, isomerization of light para n using solid acid catalysts, as a key technology in the production of clean fuels, has been raised [2] [3] [4] [5] . These reactions are limited by thermo-dynamic equilibrium, favoring low temperatures [6, 7] . Many recent e orts are focused on improving and development of this process.
Solid acids such as H-mordenite, H-MFI-based catalysts, Friedal-Craft catalysts such as AlCl 3 , heteropoly acids, etc. have been widely studied in alkane isomerization [4, 5, [8] [9] [10] . Studies on the employed catalysts for this reaction showed that Sulfated Zirconia (SZ), as an environmentally friendly catalyst, was believed to be the most promising catalyst among the solid acids due to low-temperature hydrocarbon skeletal rearrangements for thermodynamic consideration [6, 7, [10] [11] [12] .
Sulfated zirconia as a solid super acid was rst reported by Holm and Baily in 1962 for the isomerization of hydrocarbons. The activity and selectivity of zirconia catalysts are signi cantly in uenced by preparation method, zirconia crystalline phase, and various other parameters [13] . Sulfated zirconia exists in three crystallographic structures: monoclinic, tetragonal, and cubic, of which only cubic and tetragonal phases of SZ are catalytically active [14] . Studies on the n-alkane isomerization show that isomerization of C 4 -C 6 para n can be e ectively catalyzed by environmentally friendly sulfated zirconia catalysts [4, 6, 13, [15] [16] [17] [18] . Catalytic performances of sulfated zirconia catalysts in n-pentane isomerization, as the main components of the hydrocarbons composing light naphtha, obtained by a number of groups, are listed in Table 1 . As can be seen, only a few papers have been devoted to n-pentane isomerization at atmospheric conditions. In 2000, Risch and Wolf [15] studied n-pentane isomerization over SZ and Pt promoted SZ catalysts at atmospheric conditions. Their studies showed that activity of sulfated zirconia catalysts depended on the pretreatment procedure and degree of hydration. Later on, in 2004, Vijay and Wolf [13] reported n-pentane isomerization over Pt promoted SZ catalyst at atmospheric conditions. They showed that proper calcination and pretreatment a ected the activity of the catalyst. Notably, although sulfated zirconia catalysts had been successfully used for n-pentane isomerization, their catalytic activity and/or selectivity were still relatively low, especially at atmospheric conditions.
Although the industrial processes are operated under high pressure of hydrogen [9] , it is desirable to carry out isomerization at low pressure from the viewpoint of safety. In addition, low pressure presents advantages such as facility and low operating costs. In this work, the Pt promoted SZ catalyst was prepared by precipitation method [21] . Isomerization of n- 4 sample was mixed with the required amount of bohemite (based on 15 wt.% Al). Thereafter, it was sulfated using 0.5 M of sulfuric acid solution. The solid was ltered and dried for 12 h at 110 C. Pt was introduced by an incipient wetness technique with an aqueous solution of hexachloroplatinic acid (Merck). The platinum content was 0.5 wt.%. Then, the sample was dried at 110 C for 12 h. Finally, the synthesized powder was calcined at 500 C for 3 h.
Catalyst characterization
The XRD pattern of the sulfated zirconia sample for phase identi cation and crystallite size determination was measured with a Philips X-ray di ractometer, Model Bruker D8 Advance, using Cu K radiation in the range of 2 = 20 70 . The morphology of the sample was analyzed using SEM image recorded by the model HITACHI S-4160 and Quanta tax-QX2 scanning electron microscope.
Reaction procedures
The hydroisomerization process for n-pentane was run in a ow-type xed-bed reactor loaded with 1.0 g of prepared catalyst (20/40 mesh) at the temperature ranging between 180-240 C under atmospheric pressure. The experimental set-up is shown in Figure 1 . Before the catalytic reaction experiment, the catalyst was pretreated in situ with owing air at 450 C for 3 h in order to remove the water adsorbed on the surface. Then, the temperature was lowered to 250 C and the catalyst was reduced in owing hydrogen for 3 h. Afterwards, hydrogen and nC 5 mixture was introduced into the reactor. The gas phase was continuously sampled and analyzed in an on-line Teif Gostar gas The catalytic performance was evaluated through n-pentane conversion, isopentane selectivity, and yield of isomerization by using the following equations:
Y i = X n pentane S i 100 ;
where A i is the corrected chromatographic area for a particular compound.
3. Results and discussion 3.1. Characterization
The XRD pattern of the synthesized catalyst is shown in Figure 2 . As can be seen, tetragonal zirconia phase with the crystallite size of 13.9 nm is formed with 2 = 30:2 , 34:5 , 50:2 , and 60:2 for the (1 0 1), (0 0 2), (1 1 2), and (2 1 1) re ections [14] . Crystallite size of tetragonal phase was determined from the characteristic peaks (2 = 30:2) using Scherrer formula with a shape factor (K) of 0:94 : D = (0:94= cos , where D is the crystallite size (nm), is the radiation wavelength (0.1540598 nm), is the di raction peak angle, and is the corrected half-width at halfmaximum intensity (FWHM) [14] .
SEM image of the synthesized powder is presented in Figure 3 . Obviously, nanopowders with sizes of about 30-40 nm have been synthesized. Figure 4 shows the conversion and the product selec- iso-pentane selectivity on reaction temperature. P : atmospheric pressure; mol H2/mol nC5 = 9.6; WHSV = 8.8 (mmol of feed gas/g.h).
Isomerization activity 3.2.1. E ect of reaction temperature
tivity data obtained in the isomerization of n-pentane as a function of reaction temperature over the prepared catalyst. The reaction was operated at the temperature ranging from 180 to 240 C, atmospheric pressure, and H 2 /nC 5 of 9.6. It can be seen that the nC 5 conversion increases linearly with increasing reaction temperature for low temperatures and increases more gradually at higher temperatures.
The selectivity to isopentane is equal to 100% at 180-200 C; increasing the temperature beyond 200 C lowers the selectivity and it reaches 89% at 240 C. This is due to occurrence of side reactions at higher temperatures.
The thermodynamic equilibrium distribution is a function of temperature with low temperature favoring high thermodynamic concentrations of branched isomers. The equilibrium iso-C 5 ratio (isopentanes content in sum of pentanes) [22] and experimental data on the prepared catalyst are represented in Figure 5 . It is evident from the results that isopentane/npentane ratio increases with temperature and after reaching a maximum, it decreases. As can be seen, the isopentane/n-pentane ratio attained at lower tempera- Figure 5 . The variation of iso-C 5 ratio with temperature. P : atmospheric pressure; mol H2/mol nC5=9.6; WHSV=8.8 (mmol of feed gas/g.h). Figure 6 . The e ect of reaction temperature on iC 5 yield. P : atmospheric pressure; mol H2/mol nC5 = 9.6; WHSV = 8.8 (mmol of feed gas/g.h).
tures is far below the equilibrium ratio; around 220 C, it approaches equilibrium and at higher temperatures, thermodynamic equilibrium between n-pentanes and isopentane is practically established. This behavior is a consequence of the kinetic limitation at low temperature and thermodynamic limitation at higher temperatures. Thus, based on these ndings, the fact that the conversion showed gradual increase at higher temperatures is attributed to thermodynamic limitation [22] .
In order to obtain optimum value of the reaction temperature, the variation of the isopentane yield with temperature is presented in Figure 6 . It is found that 220 C is the proper reaction temperature at which maximum yield of isopentane can be achieved.
E ect of H 2 /nC 5 molar ratio
The e ect of H 2 /n-pentane feed ratio on catalytic properties is presented in Figure 7 . When hydrogen to n-pentane ratio changes, conversion rate and reaction selectivity are a ected in a di erent way. Selectivity to isopentane improved as the hydrogen to n-pentane ratio increased from 1 to 12, while conversion increased rst and reached about 66% and 73% for temperatures of 220 C and 240 C, respectively; however, it did not Figure 7 . Conversion of n-pentane and selectivity of isopentane as a function of H2/nC5 molar ratio. WHSV=11.2 (mmol of feed gas/g.h).
further increase at higher hydrogen to n-pentane ratios (between 5 and 12).
It is well known that the isomerization reaction pathway consists of three steps: formation of carbenium ions, followed by rearrangement, and, nally, protonation of newly formed carbenium ions [9] . Although many studies have been reported concerning the way of formation of carbenium ions, the role of metallic site, and the role of hydrogen, there is still controversy regarding many of the details. According to classical bifunctional mechanism, the alkane is dehydrogenated to an alkene on metallic site. The alkene is then isomerized to a branched alkene on the acid site. The resulting branched alkene is hydrogenated into the branched alkane on the metallic site [9, 10, 23] . Thus, the positive e ect of hydrogen partial pressure on npentane isomerization cannot be explained in terms of classical bifunctional mechanism.
It is also proposed that Pt can activate and dissociate hydrogen into hydride and proton species, followed by spillover to the support. Hydride ions lead to an acceleration in the desorption of carbenium ion intermediates; consequently, n-pentane conversion increases [23, 24] . It is noteworthy that carbenium ion intermediates can easily undergo dimerization-cracking reaction to form byproducts or polymerize to give coke precursors [9, 12] . In other words, rearrangement of carbenium ions can proceed via two possible mechanisms: bimolecular mechanism, which results in relatively low isoalkane selectivity, and monomolecular mechanism, where the selectivity in isopentane is high [3, 9, 12, 25] C 0 + 10 iso C = 5 + iso C + 5 : Therefore, it is expected that hydrid transfer to carbocation followed by its desorption would relatively suppress the bimolecular pathway involving the reaction of C 5 cations (carbenium ions) with C 5 alkenes and rearrangement step would occur via monomolecular mechanism, leading to high selectivity. Figure 8 shows e ect of space velocity (WHSV) on npentane isomerization. As shown in this gure, regardless of whether the reaction temperature is 220 C or 240 C, nC 5 conversion decreases with increasing space Figure 8 . E ect of WHSV on n-pentane conversion and i-pentane selectivity. P : atmospheric pressure; mol H2/mol nC5=6. velocity, whereas the isopentane selectivity increases for both reaction temperatures. An increase in space velocity leads to reduction in contact time between reactant and catalyst and, consequently, pentane conversion decreases. Increase in the selectivity of isopentane at higher WHSV is due to the suppression of secondary transformation of isopentane and side reactions.
E ect of WHSV

Research octane number
It is well known that branched alkanes have high Research Octane Numbers (RONs) compared to the linear alkanes and the isomerization (branching) of alkanes is a key reaction for improving the octane number of gasoline. Figure 9 shows the RONs of the feed and product as a function of temperature. The RON of isomerization product was calculated according to Eq. (4):
where C i is fraction of component i present in the isomerization product and RON i is the RON of component i. As can be seen in Figure 9 , the RON of the product increases with increasing temperature; then, it shows slight decrease at higher temperatures. As regards n-pentane isomerization, products consist mainly of isopentane and small amounts of byproducts. Variation of RON with the rise of reaction temperature seems to be closely correlated with the isopentane concentration in the product. Thus, isopentane increases the number of octane products more e ectively than others do.
As discussed in Section 1, isopentane concentration increases with increasing temperature and then decreases. Thus, this trend for product RON is expected.
Apparent activation energy
The apparent activation energy has been determined by the Arrhenius plots of the reaction rates in a range of temperatures from 180 to 240 C ( Figure 10 ). As shown in Figure 10 , the apparent activation energy values were found with three linear segments.
The apparent activation energy was 5509.95 cal mol 1 in the range of 180-200 C, 3588.72 cal mol 1 in the range of 200-220 C, and 307.34 cal mol 1 in the range of 220-240 C. As can be seen, activation energy values decrease with temperature. Two reasons may be attributed to this behavior; change of the ratedetermining step or reaction mechanism [26, 27] .
Whereas the activation energy of the bimolecular mechanism is lower than that of the monomolecular mechanism [16, 25] , it is proposed that bimolecular mechanism is predominant at higher temperatures. Also, on the basis of our results in Figure 4 , it is found that iC 5 selectivity is very high at high temperatures and deceases with increasing temperature. This also con rms the fact that bimolecular mechanism is predominant at higher temperatures.
Conclusion
In summary, we investigated the nC 5 isomerization on the synthesized Pt/AlSZ catalyst using xed-bed ow reactor at 180-240 C, as XRD and SEM analyses con rmed the synthesized sulfated zirconia powders are nano-crystalline with mainly tetragonal phase. Catalytic results showed that nC 5 conversion increased with the enhancement of reaction temperature and iC 5 selectivity decreased. The catalyst exhibited optimum performance in 220 C. The iC 5 concentration increased with temperature and then decreased as a consequence of the kinetic limitation at low temperature and thermodynamic limitation at higher temperatures. It was found that increase in H 2 /nC 5 ratio enhanced isomerization reaction. The positive e ect of this ratio suggests that the prevailing mechanism is hydrogenspillover and monomoleculare pathway. It was also observed that the nC 5 conversion decreased and iC 5 selectivity increased with WHSV due to the decrease in the contact time. The RON of isomerate increased with the increase of treatment up to 220 C, while the further increase of temperature beyond 220 C led to a slight decrease of isomerate octane number. The calculated activation energies were found to decrease with temperature, which probably implies that biomolecular mechanism became predominant.
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